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Introduction
cbb3-Type Cytochrome c oxidases (Coxs)
Respiratory oxidases are key components of most electron transfer chains for
aerobic organisms. They catalyze the four-electron reduction of dioxygen to water,
producing a proton gradient across the prokaryotic cytoplasmic or mitochondrial
membrane. In this way, they contribute to the formation and preservation of the
transmembrane difference of electrochemical potential, which is essential for cellular
solute/nutrient import, motility, and synthesis of ATP.1
Aerobic organisms are distributed among the three major domains: Bacteria,
Archaea and Eukarya. Aerobic bacteria have different kinds of electron transfer chains
which utilize different numbers and types of electron carriers, as well as terminal
oxidases. Most of the terminal oxidases belong to the heme-copper oxygen reductases
(HCO) superfamily. Some HCOs receive electrons from c-type cytochromes (i.e.,
cytochrome c oxidases, Cox), while others receive electrons from quinols (i.e., quinol
oxidases, Qox).2 HCOs are characterized by a low-spin heme and a binuclear center that
is located in subunit I as the catalytic site. The binuclear center consists of a high-spin
heme (of a-, o-, or b-type, referred to as a3, o3, or b3), a copper ion (CuB), and a tyrosine
residue that is covalently linked to one of the histidine residues binding the copper ion.1,3
In addition, some HCOs also contain two other subunits, known as subunit II and subunit
III. Subunit II functions as the primary electron acceptor, and sometimes utilizes extra
cofactors such as a binuclear Cu center (CuA) or a c-type cytochrome. Subunit III
typically does not have any cofactor, except in cbb3-Cox which utilizes a diheme c-type
cytochrome.3,4 Based on different core subunits and key residues in the proton transfer
pathway, HCOs can be classified as A (A1 and A2), B or C type.4 Type A HCOs have
two proton-transfer pathways, known as D-channel and K-channel, whereas Type B and
Type C HCOs contain only the K-channel. Among these different types, aa3-Cox of
Rhodobacter sphaeroides of Type A, ba3-Cox of Thermus thermophilus of Type B, and
cbb3-Cox of Rhodobacter capsulatus of Type C are the most representative members.3,4
Nitric oxide reductases (NORs) were proposed to be evolutionarily related to
HCOs, given that both have the same general catalytic core. NORs are known to catalyze
the reduction of NO to nitrous oxide (N2O) and water. However, unlike HCOs, NORs do
not contain CuB, and do not pump protons across the membranes, meaning they do not
perform energy conservation. Furthermore, the catalytic tyrosine residue in NORs is
absent, and therefore no proton channel is observed in NORs.
The cbb3-Cox enzymes that belong to a subclass of Cox that are universally found
in proteobacteria, as well as in the cytophaga, flexibacter and bacteriodes (CFB)
groups.5,6 In bacteria, the biogenesis and regulation of cbb3-Cox enzymes is essential for
aerobic respiration, anoxygenic photosynthesis, rhizobial symbiosis, and pathogenesis.6
cbb3-Cox enzymes require copper (Cu) as cofactors to perform their activities. Study of
the cbb3-Cox enzyme unveiled a novel transporter CcoA, which belongs to the major
facilitator superfamily (MFS), as a cytoplasmic copper importer for biogenesis of cbb3type Cox in Rhodobacter capsulatus.7 Figure 1 shows the structures and proton transfer
channels of three types of HCOs and one NOR. The D-channel and K-channel are shown
for Type A, B, and C HCOs, whereas no ion channel is presented in NORs. Note that the
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binuclear center of NOR lacks the CuB atom as shown in other three HCOS, and instead
contains an Fe atom in its binuclear center.

Figure 1. Adapted from Sousa.1 Crystallographic structures of three types of heme–copper oxygen
reductases and one type of nitric oxide reductase. A representative structure is shown for each type of
HCO. Bottom boxes represent the prosthetic groups and the amino acid residues lining the proton channels
from different types of HCOs and NOR. Copper ions are shown as black spheres while for the NOR, the
iron atom is shown as a red sphere. Protein structures are obtained from protein database (PDB) entries
PDB ID: 1M56 (aa3-Cox), 1EHK (ba3-Cox), 3MK7 (cbb3-Cox) and 3O0R (NORs).

MFS-Type Copper Importer CcoA
Cu is an essential catalytic and structural cofactor for the cbb3-Cox enzyme. It is
important for the Cox enzymes to have an organized Cu transport system, because
excessive free Cu atom can activate oxygen through the Fenton reaction and will produce
reactive oxygen radicals that are harmful to the protein.7,8 Microbes are often used as
models to study the mechanisms of metal toxicity because they do not have the ability to
control their extracellular environment. In the facultative phototroph Rhodobacter
capsulatus (R.capsulatus), the incorporation of Cu into the heme-Cu binuclear center of
the cbb3-Cox is dependent on the novel gene ccoA, which encodes the Cu transporter
protein CcoA. A previous study has shown that CcoA transporter is required for the
production of active cbb3-Cox, as strains without this CcoA transporter (ccoA deletion)
has largely reduced levels of both intracellular Cu content and active cbb3-Cox unless
supplemented with exogenous Cu2+ (~5 µM).7 The CcoA copper transporter belongs to
the major facilitator superfamily (MFS), which is a group of secondary transporters that
transport various substrates in and out of cytoplasm by the electrochemical potential
difference generated by ion or solute gradients.9 In bacteria, Cu importers are not as wellknown as Cu efflux proteins. In fact, due to the toxicity of Cu itself, for a long time it was
believed that cells would not import Cu.7,10 The finding of CcoA is the first example of an
MFS-type Cu importer in the bacteria. Therefore, it is important to further investigate its
metal-binding domain (MBD) and to identify its Cu-interacting residues.11 Figure 2
shows a predicted topological model of the CcoA protein. Resembling the MFS-type
transporters, CcoA is an integral membrane protein consisting of a 405 amino acid
sequence forming 12 putative transmembrane (TM) helices, which are separated into 2
2

subdomains of 6 helices each that are connected through large cytoplasmic loops.3,7 Two
highly conserved DRXGRR motifs found in MSF type transporters are also present in
CcoA protein (AVYGR and ARFGRE). Besides, several Met-rich motifs are present in
CcoA, which are possibly associated with Cu binding and transportation.

Figure 2. Adapted from Ekici.7 A topological model of CcoA (RCC02192) protein. CcoA protein is
predicated to have 12 transmembrane helices, similarly to most MFS transporters. CcoA has a large amount
of conserved methionine (Met) residues. Ellipses circle the possibly metal-binding Met motifs. Rectangles
circle the motifs that are conserved in MFS transporters.

Alignment of the amino acid sequences of CcoA homologs of R. capsulatus were
previously performed, leading to the identification of several well-conserved residues and
motifs. 11 Figure 3a shows the sequence alignment among representative species (e.g.,
Paraccocus denitrificans, Agrobacterium tumefaciens(fabrum) and Bradyrhizobium
japonicum from alphaproteobacteria; Cupriavidus metallidurans and Bordetella
parapertussis from betaproteobacteria; Pseudomonas stutzeri, Pseudomonas aeruginosa,
Pseudomonas putida, Photobacterium profondicum, Shewanella pealeana, and Vibrio
species MED 222 from gammaproteobacteria) and highlights the conserved residues.11
Particularly, two highly conserved motifs, M233XXXM237 and H261XXXM256, are
highlighted in red, and the conserved tyrosine residues are highlighted in green.
As a member of the MFS transporter group, the topological model of the CcoA
protein was expected to have a canonical MFS fold with 12 TM segments. Based on the
primary amino acid sequence of CcoA, a predicted 3-D structure model was built. The
conserved motifs M233XXXM237 and H261XXXM256 were predicted to be membraneembedded on TM7 and TM8 of CcoA in R. capsulatus.11 Figure 3b shows the homology
model of R.capsulatus CcoA , with the conserved motifs and residues labeled.
Mutagenesis studies have shown that Met233 and His261 are critical for
cytoplasmic Cu importation, whereas Met237 and Met265 are not as important and Y230 is
dispensable.11 Further work on the exact process by which these residues coordinate with
Cu metal ions and on the state of Cu (Cu1+ or Cu2+) during interaction are continually
being studied. The molecular mechanisms of CcoA Cu binding and trafficking are
additional goals of future studies.
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Figure. 3 Adapted from Ekici.7 Sequence alignment of homologues of R. capsulatus CcoA and its
homology-based 3D structure. (A) Partial alignment of the R. capsulatus CcoA amino acid sequence with
its homologues from selected proteobacteria. The conserved Met, His, and Tyr residues are highlighted. (B)
Homology model of R. capsulatus CcoA constructed with Swiss-Model using the E. coli YaJR protein
(PDB code 3WDO), which is the closest homologue of R. capsulatus CcoA of known 3D structure (16%
sequence identity), as the template. Red ellipses highlight the two helices that contain the conserved
putative ligandin resides.

CcoA-like-Transporters (CalT) in Proteobacteria
Comparative genomics that used the CcoA of R.capsulatus as a query revealed
the existence of an extensive family of CcoA-like MFS-type transporters, which are
found in all major classes of Proteobacteria, Bacteroidetes, as well as a few microbial
eukaryotes.12 Moreover, a large family of proteins, such as the CcoA of R.capsulatus that
is required for Cu import and the biogenesis of cbb3-Cox, has been identified as the
CcoA-like-Transporters (CalT). Previous studies have shown that the conserved
MXXXM and HXXXM motifs are strong indicators of Cu transporter activity.13 Cu
uptake among members of the CalT family is likely species-specific, such that different
organisms may use different pathways to transport Cu to target proteins.
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Rationale and Objective of this Capstone Project
Cu is a crucial cofactor in different biological pathways. These various pathways
include energy production within the cell, prevention of oxidative damage, acquisition of
iron as well as other metal ions, and restriction of pathogen invasion.14 However, the
danger of excessive cellular toxicity increases as a result of generating reactive oxygen
species (e.g., OH radicals).15 Therefore, Cu trafficking requires high-affinity and lowaffinity transporters, metallochapersones, specific assembly factors, and transcriptional
regulators to regulate Cu circulation, ranging from its entry into the cytoplasm to its
insertion into cuproperoteins. CcoA as the prototype of the newly defined Copper Uptake
Porter Family among proteobacteria is the major target of Dr. Daldal Lab’s study. This
capstone project focuses on two objectives: 1) finding the optimal antibody that
specifically targets CcoA protein; and 2) examining the function of the CalT transporter
in Agrobacterium tumefaciens (A. tumefaciens).
Regarding the first objective, Dr. Daldal’s group has utilized sequence alignment
results from CcoA, CcoA’s homologues, and other bacterial species to identify several
important residues in Cu’s binding process. The goal of this study concentrates on the Cu
binding site in the MFS-type Cu importer CcoA and the potential conformational changes
it undergoes during this process. The antibody used by most previous studies was a
Myc/His tag that carried within the constructed plasmid. In this project, alternative
antibodies that could specifically target the CcoA protein are screened. Studying an
antibody that directly targets the CcoA protein could provide of utmost use for future
related research as it allows for efficient and convenient detection methods.
Regarding the second objective, comparative genomic studies of the CcoA Cu
importer had identified a group of CalT transporters. Moreover, a complement study
proved that although CalT can import Cu when these CalT transporters were expressed in
a CcoA deletion mutant of R.capsulatus, they were unable to accumulate Cu or
complement homologs. In this project, studying CalT transporter in A. tumefaciens could
further give insight into whether the MFS-type bacterial Cu importers are speciesspecific, as well as how CalT transporters relate to the production and activity of cbb3Cox, and its possible involvement in plant tumor formation.
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Materials and Methods
Bacterial strains and growth conditions
E. coli strains, R. capsulatus strains and A. tumefaciens strains were used in this
work. E. coli strains and A. tumefaciens strains were grown at 37, and 30°C, respectively
in liquid or solid Luria Bertain (LB) medium and supplemented with antibiotics (100
μg/mL ampicillin [Amp] and 12.5 μg/mL tetracycline [Tet]) and L-arabinose [Ara] as
appropriate. R. capsulatus strains were grown at 35 °C under respiratory conditions in
enriched MPYE medium supplemented with antibiotics as needed (2.5 μg/mL
tetracycline [Tet] and 10 μg/mL spectinomycin [Spec]).
Sample preparation directly from cell culture
Strains were first streaked onto plates, and then a single colony was inoculated
into 10 mL medium. After growing to desired concentration (5 x 108 cells at OD685), cells
were obtained by centrifugation, then solubilized in 20 μL loading buffer, and finally
loaded to the 15% SDS-PAGE gel. The gel was electroblotted onto a PVDF membrane,
and then incubated with antibodies to be tested. During this period, all four stages of
rabbit AB1526 serum were tested with 1:1000 dilution. Afterwards, trichloroacetic acid
(TCA) was added to the cell culture to precipitate the protein. TCA was added with 1:1
ratio to the volume of the cell culture and placed on ice for 30 minutes. Pellets were
obtained by centrifugation at 13K, 12 minutes, 4 °C. Next, 15 μL loading buffer was
added and an appropriate amount of Tris/HCl pH 7.0 buffer was added to neutralize the
loading buffer. Finally, samples were loaded to 15% SDS-PAGE gel.
Chromatophore membrane preparation, SDS-PAGE and immunodetection
Chromatophore membranes were obtained from cell cultures grown to log phase
(OD685~0.8-1.0) from different strains. Cells were harvested via centrifugation, washed
with 20 mM Triethanolamine acetate [TeaAc] pH 7.5, and finally resuspended in the
intracellular medium [ICM] buffer (50 mM TeaAc pH 7.5, 1 mM EDTA, 1 mM DTT, 1
mM AEBSF). Next, the cell suspension was passed through a French press 3 times at a
pressure of 13000 psi. Cell debris was removed by centrifugation at 15K, 20 minutes,
4 °C with a Beckman appropriate rotor. Supernatant was centrifuged at 43K, 2 hours,
4 °C with Beckman red screw-cap tubes and a Ti 70 rotor to pellet the chromatophore.
The protein concentration was determined using bicinchoninic acid assay according to
the supplier’s recommendations (Sigma Inc.; procedure TPRO-562). SDS-PAGE (12% or
15% or 16%) gel electrophoresis was conducted to separate proteins. These proteins were
then electroblotted onto Immobilon-P polyvinylidene difluoride (PVDF) membranes
(Millipore Inc., Billerica, MA). Anti-His tag, anti c-Myc tag, or rabbit antibody was used
to probe for CcoA followed by secondary antibodies, and image detection.
Membrane solubilized with DDM
Chromatophore membranes were first harvested as described above, and then
resuspended in 2x Lysis buffer with 10% Dodecyl Maltoside (DDM). Insolubilized lipids
and other debris were removed by centrifugation at 14K, 30 minutes, 4 °C. The pellet
was dissolved into loading buffer and finally loaded to SDS-PAGE gel.
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Membrane de-colorization (Pigments extraction)
1 mL of cold acetone: methanol (7:2) solution was added to 200 μg of the sample
in the Epp tube and then placed on ice for 20 minutes. Then samples were centrifugated
to remove the supernatant in order to remove the pigments at14K, 10 minutes, 4 °C. The
pellets were then dissolved into loading buffer and loaded to the SDS-PAGE gel.
The cbb3-Cox activity assay
In vivo cbb3-Cox activity of R. capsulatus colonies was visualized qualitatively by
“NADI” staining. The “NADI” staining solution was obtained by mixing a 1:1 (v/v) ratio
of α-naphtol and DMPD dissolved in ethanol and water, respectively. The in vitro cbb3Cox activity was measured quantitatively by using R. capsulatus chromatophore
membranes and tetramethyl-p-phenylenediamine (TMPD). The oxidized form of TMPD
was monitored spectrophotometrically at 562 nm (ε562 = 11.7), at room temperature, in a
stirred cuvette. Ten micrograms of R. capsulatus chromatophore membrane protein was
added to 1 mL of assay buffer (25 mM Tris-HCl [pH 7.0], 150 mM NaCl), and the
enzymatic reaction was initiated by the addition of a final concentration of 1 mM TMPD.
To test for cyanide sensitivity, chromatophore membranes were incubated with 200 μM
of KCN for 2 minutes prior to TMPD addition. The cbb3-Cox activity was calculated by
subtracting from the TMPD oxidase activity the portion that is KCN insensitive, which
for a wild-type strain corresponds to 2.6 μmol of TMPD oxidized/min/mg of total
membrane protein.11
Heme Staining with TMBZ
For detecting c-type cytochromes, after electrophoresis the gel was treated with
0.25 M sodium acetate solution for 1 hour (during which the solution was discarded twice
and replaced with new sodium acetate solution). Meantime, 3,3’,5,5’
tetramethylbenzidine (TMBZ) was dissolved in methanol to 6.3 mM in the dark. TMBZ
solution was added to the sodium acetate solution, and the gel was shaken in the mixed
solution for 1 hour in the dark. The stain was visible after addition of 30 mM hydrogen
peroxide. The intensity of the stain increased as time increased.
Chemicals
All chemicals were of reagent grade and were obtained from Fisher
BioreagentsTM and Bio-RadTM company. Crude rabbit serums (antibodies) from two
individual rabbits, AB1526 and AB1527, were obtained from the ThermoFisher
ScientificTM company.
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Results and Discussion
Testing the strains with corresponding antibiotics
Three different strains of R.capsulatus, the wild type (MT1131), CcoA
overexpressing strain (pBK69/SE8), and CcoA knocked out strain (∆ccoA/SE8), were
used to test two different batches of antibodies. These strains were found to have
resistance to different antibiotics. Wild type MT1131 did not have resistance to any
antibiotics, ∆ccoA/SE8 had resistance to spectinomycin (SpeR), while pBK69/SE8 had
resistance to both spectinomycin and tetracycline (TetR). Prior to the antibody screening,
the competence of different strains was tested by streaking plates that were supplemented
with different antibiotics as shown in Figure 4. All three strains grew on MPYE medium
well. Strains pBK69/SE8 and ∆ccoA/SE8 survived on the medium supplemented with
TetR, whereas only pBK69/SE8 could grow on the medium supplemented with both TetR
and SpeR. The results showed that all strains grew well without contaminations.

Figure 4. Strains tested with different antibiotics. (A) Strains tested with MPYE medium supplemented
with Spe. MT1131 did not grow due to the lack of resistance, whereas both ∆ccoA/SE8 and pBK69/SE8 did
grow. (B) Strains tested with pure MPYE medium. All strains grew well. (C) Strains tested with MPYE
medium supplemented with both Spe and Tet. Only pBK69/SE8 was able to grow.

Samples prepared from cell culture
The two batches of antibodies each included four stages of antibodies that were
collected according to the days of injection of CcoA protein to the rabbit: Day 0, Day 28,
Day 56, and Day 70. Initial attempts to screen the antibody were performed by preparing
samples from cell culture. Figure 5A and 5B show the western blot results of cell culture
samples treated without TCA and with TCA, respectively. The results were not
informative due to high background noise and unclear bands. However, Day 56 antibody
from rabbit AB1526 had a stronger signal around 37Kb as compared with other stages.
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(A)

(B)

37Kb

37Kb
37Kb

37Kb

37Kb
37Kb
37Kb

37Kb

(C)

Figure 5. Western blot results of antibodies tested with cell culture samples from three different strains.
(A) Rabbit AB1526 serum from Day 0 (top left corner), Day 28 (top right corner), Day 56 (bottom left
corner) and Day 70 (bottom right corner) tested with samples prepared from cell culture as described in the
Material and Methods section. (B) Samples prepared from cell culture followed by TCA precipitation. (C)
Samples detected with anti-Myc primary antibody.

It was noted that Day 0 serum should not have any signal corresponding to CcoA
considering that at Day 0 the rabbits had not been injected with CcoA proteins.
Moreover, the rabbit serum was polyclonal, meaning it could possibly recognize several
different epitopes.
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Control experiments were performed in order to determine whether the method of
sample preparation was valid. An anti-c-Myc tag primary antibody was used to detect the
samples prepared from the cell culture. Theoretically, only pBK69/SE8 should be
recognized by the anti-Myc primary antibody given that only its plasmid contained Myc
tags. Figure 5C shows the western blot result of Myc antibody. The background noises
were still high, and the result was not as expected. The control experiments indicated that
the sample preparation method needed further modifications.
Sample preparation from chromatophore membrane
Chromatophore membranes were extracted from the cell culture of three
R.capsulatus strains: MT1131, pBK69/SE8, and ∆ccoA/SE8. In particular, when growing
the pBK69/SE8 strain, 0%, 0.5% or 1% of arabinose (Ara) were added in order to
examine induce effect of the arabinose. Figure 6A and 6B show the western blot results
of the samples detected with anti-Myc antibody and RabbitAB1526_Day 56 antibody,
respectively.
(A)

(B)

37Kb

37Kb

Figure 6. Western blot results of antibodies tested with chromatophore membrane samples from three
different strains and pure CcoA protein. (A) Chromatophore samples tested with anti-Myc antibody.
pBK69/SE8 with 0.5% ara and 1% ara showed the ccoA band near the 37kb position. (B) Chromatophore
samples tested with rabbitAB1526_Day 56 antibody. The background noise decreased significantly, and
the band resolution increased. Pure CcoA protein was detected.

The western blot results proved that the use of chromatophore membrane as
samples improved the results. Figure 6A shows the results from Myc recognition. It
confirmed that the strains were not contaminated because only pBK69/SE8 showed
signals around 37Kb. Moreover, adding 0.5% or 1% arabinose to the pBK69/SE8 strain
could induce greater expression of CcoA protein, as seen with the 1% arabinose band
showing the strongest signal. At the same time, in Figure 6B, pure CcoA protein was
clearly detected by Day 56 antibody with 1:50,000 dilution and 1:10,000 dilution. In
contrast, no CcoA in the membrane samples could not be detected. This result implied
that the membrane might need to be further processed in order to be detected.
Membrane solubilized with DDM/Membrane de-colorization
Dodecyl Maltoside (DDM) is a non-ionic detergent normally used to solubilize
membrane-associated proteins. It functions to retain the native conformation, and activity
of membrane-associated proteins such as the CcoA protein. Figure 7 shows the western
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blot results for chromatophore membrane samples that were further treated with DDM
and TCA.

37Kb

Figure 7. Western blot results of antibodies tested with DDM-treated membrane samples from three
different strains. Western blot results were from rabbit AB1526_Day 56 antibody. The DDM-treated bands
were sharper than the one treated without DDM. The intensity of bands was not high. Pure CcoA, a control
that was not processed with DDM and TCA, was successfully detected.

Although samples treated with DDM and TCA gave sharper bands, the results
were unclear where the ∆ccoA/SE8 strain should not have been detected and where the
MT1131 was expected to appear as a band near 37kb. A reason may be that protein
degraded during sample processing steps. The use of DDM could have caused sample
loss during sample processing. An alternative method of handling membrane samples
was extraction of the pigments (de-coloirzation). The original color of the R.capsulatus
membrane was green, suggesting that the attached pigment could be an issue for CcoA
detection. Therefore, a de-colorization method was applied, and Figure 8 shows the
western blot results for the de-colorized membrane samples. Nonetheless, the decolorization procedure did not produce clear results. Rabbit Ab1526 showed similar
detection for all strains (right side of Figure 8). It could not distinguish between the wild
type MT1131 and the ∆ccoA/SE8.

37Kb

Anti-Myc

Rabbit AB1526_Day56

Figure 8. Western blot results of antibodies tested with de-colorized membrane samples from three
different strains. Western blot results were from anti-Myc primary antibody (left) and rabbit AB1526_Day
56 antibody (right). Myc antibody gave a clear band for pBK69/SE8 with 1% arabinose induced strains
whereas rabbit AB1526_Day 56 antibody failed to give clear results.
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Both the DDM solubilization and membrane de-colorization were repeated at
least three times. Results revealed that rabbit AB1526 antibody could recognize the pure
CcoA protein with a Myc tag, but could not recognize the CcoA protein in the wild type
strain. A possible reason is that upon obtaining the antibody, the rabbit was injected with
CcoA protein purified from an overexpressed strain (pBK69) that contained Myc tags.
This highlights the possibility that AB1526 antibody recognized more strongly the Myc
tags instead of the CcoA protein itself.
E. coli strains with Myc tags and Strep tags
In order to test whether the rabbit antibody recognized CcoA protein or the
protein with Myc tags, E. coli strains with Myc tags and Strep tags were used to perform
the antibody screening experiment. Two E. coli strains, CcoA-Myc and CcoA-Strep,
were each grown with no arabinose supplemented, and 1% arabinose supplemented, and
the chromatophore membranes were extracted in the same manner as with R.capsulatus.
Figure 9 shows the western blot results of the E. coli membrane samples. Myc antibody
gave a clear band for CcoA-Myc with 1% Ara induced strains. Rabbit AB1526_Day 56
antibody could only detect the CcoA-Myc-1% Ara but could not detect any of the other 3
samples.

37Kb

Rabbit AB1526_Day56

Anti-Myc

Figure 9. Western blot results of antibodies tested with E. coli membrane samples from two different
strains. Western blot results were from anti-Myc primary antibody (left) and rabbit AB1526_Day 56
antibody (right).

These series of western blot results suggested that the rabbit antibody obtained
from rabbit serum did recognize CcoA protein with Myc tag rather than CcoA protein
itself. Further confirmation was needed by testing with Strep tag primary antibody.
c-type cytochromes in a CalTA mutant of A. tumefaciens
CalTA refers to CcoA-like-transporters in A.tumefaciens. To investigate the c-type
cytochrome activity with regards to the CalTA protein, six different strains were used:
A348 (Wild type), A348∆T (CalTA deletion on chromosome), A348/pYW15,
A348∆T/pYW15, A348∆T/pYO-CalTA (CalTA deletion on chromosome, plasmid
12

supplemented with CalTA), and A348∆T/pYO-CalTA-H268A. The membranes of these
strains were extracted and followed by 16% SDS-PAGE gel-electrophoresis. The gel was
then heme-stained with TMBZ. Figure 10 below shows the staining results. A348,
A348/pYW15, A348∆T/pYW15, and A348∆T/pYO-CalTA had similar band patterns,
whereas A348∆T and A348∆T/pYO-CalTA-H268A had low cytochrome content.

Figure 10. Heme-staining results showing cytochrome c profiles of Agrobacterium tumefaciens CalT
proteins. Results include the cytochrome c profiles of wild type MT1131 of the R.capsulatus, pure
Cytochrome, and 6 different Agro strains. A total of 200 μg of chromatophore membrane proteins prepared
from these 6 strains were loaded to 16% SDS-PAGE gel, and the c-type cytochromes were visualized by
TMBZ staining.

NADI staining tests showed that both A348/pYW15 and A348∆T/pYO-CalTA
were NADI+ phenotype, whereas the A348∆T/pYW15 and A348∆T/pYO-CalTA-H268A
were NADI- phenotype. The NADI staining test proved the existence of cbb3-Cox
activity. In addition, the TMBZ staining results showed that strains with CalTA deletion
failed to generate cytochromes, suggesting that CalTA was related to the generation of
cbb3-Cox activity. The A348∆T/pYO-CalTA-H268A strains also failed to generate
cytochromes, indicating that the His268 residue that is conserved in the CalT family also
had important function in A. tumefaciens. Why the A348∆T/pYW15 was different than
its parent was unclear, considering that the plasmid was the cloning vector without CalTA.
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Summary and Future work
In this capstone project, the MFS-type Cu importer CcoA of the facultative
photosynthetic model organism R.capsulatus and an extended family of CalTA
transporters of the gram-negative soil bacterium A.tumefaciens were studied.
Screening for the optimal antibody that specifically targets CcoA protein began
with two batches of rabbit serum from rabbits AB1526 and AB1527. Each batch included
four stages of antibodies that were collected according to the days of injection of CcoA
protein to the rabbit: Day 0, Day 28, Day 56, and Day 70. The initial screening revealed
that among these eight rabbit serum antibodies, rabbit AB1526_Day 56 had the best
results on account of the relatively low background noise and high recognition to the
protein. Different sample preparation methods were applied in order to make the
recognition more specific and accurate. Specifically, the percentage of the SDS-PAGE,
formula of the loading dye buffer, and dilution of the antibody solutions were adjusted in
order to give optimal western results. After a few rounds of testing, the rabbit AB1526
antibody was discovered to specifically detect the CcoA protein with a Myc tag. This
result may not be desired for future research of the molecular binding process of Cu in
the CcoA importer. This conclusion could be further proved via a cross test with an antiStrep antibody. If the Strep antibody gives ambivalent results, antibody purification
procedure might need to be applied in order to attain the best western results.
Comparative genomics studies of A. tumefaciens have revealed that it contains the
sequence of CcoA homologs, indicating that A. tumefaciens has a CalTA transporter and
is potentially involved in Cu transportation. The heterologous expression of CalTA
proteins in E. coli suggested its ability to transport Cu; however, the affinities of Cu were
not further studied. In this study, the CalTA membrane-associated protein was studied for
its ability to generate active cbb3-Cox, based on the visualization of cytochrome c
subunits. The CalTA was observed to be related to cytochrome generation, and the
mutation study showed that the conserved Histidine residue was critical in cytochrome
generation. Future efforts will be concentrated on collecting more research data and on
optimizing the gel staining method in order to reach a definitive conclusion.
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